ABSTRACT: The KIX domain of the transcriptional coactivator CREB binding protein (CBP) co-operatively mediates interactions between transcription factors. Binding of the transcription factor mixed-lineage leukemia (MLL) induces the formation of a low-populated conformer of KIX that resembles the conformation of the KIX domain in the presence of a second transcription factor molecule. NMR spin relaxation studies have previously shown that allosteric coupling proceeds through a network of hydrophobic core residues that bridge the two binding sites. Here we describe high-resolution NMR solution structures of the binary complex of KIX with MLL and the ternary complex of KIX formed with MLL and phosphorylated kinase inducible domain of CREB (pKID) as a second ligand. We show that binding of pKID to the binary complex of KIX with MLL is accompanied by a defined repacking of the allosteric network in the hydrophobic core of the protein. Rotamer populations derived from methyl group 1−3 Transcription factors along with transcriptional coactivators assemble co-operatively on DNA promoter sequences, and transcription is stimulated by recruitment of RNA polymerase II.
C o-operativity plays a central role for the regulation of gene transcription. 1−3 Transcription factors along with transcriptional coactivators assemble co-operatively on DNA promoter sequences, and transcription is stimulated by recruitment of RNA polymerase II. 4 These interactions are mediated by transcriptional coactivators, such as CREB binding protein (CBP), its paralog p300, or Mediator coactivator, which act as a scaffold for the recruitment of the transcriptional machinery. 5, 6 It has been observed in various studies that a combination of several DNA-bound transcription factors results in synergistic transcriptional response, 1 and more specifically, several lines of evidence indicate that co-operative interactions between transcription factors and CBP are pivotal to promote synergism in transcriptional activation. 3, 7 CBP participates in the regulation of gene transcription by linking transcription factors with components of the basal transcriptional machinery. 5 CBP is present at only low (and possibly limiting) concentrations in vivo, suggesting that competition of different transcription factors for CBP may be crucial for the regulation of gene transcription. 8 The characterization of the biophysical mechanism by which co-operativity modulates the affinities of transcription factors for binding to CBP is a prerequisite for understanding how gene transcription is regulated.
CBP is a modular protein that contains a number of structured domains, as well as long stretches that are intrinsically disordered and represent linker regions or interaction motifs that fold only upon binding their biological targets. 9 From a regulatory perspective, the KIX domain is of particular interest, since it is capable of binding two transcription factors simultaneously through two different binding sites, thereby directly mediating interactions between bound transcription factors. The three-dimensional structure of the KIX domain is composed of a bundle of three α-helices and two short 3 10 -helices, with the two binding sites for transcription factors, which are isolated from each other, being located at remote surfaces of the protein. 10 Homologous KIX domains have been identified and characterized in p300 as well as in human and yeast Mediator coactivator subunits, and their structures were determined recently, revealing a high degree of functional and structural similarity. 11, 12 The KIX domain of CBP thus physically interlinks transcription factors by simultaneous binding through two interaction sites, and it does so in a co-operative and highly dynamic manner. 13, 14 In vitro, binding of the mixed-lineage leukemia (MLL) activation domain to KIX co-operatively enhances the interaction with the activation domain of the transcription factor c-Myb: KIX in complex with MLL displays ∼2-fold higher affinity for c-Myb than the KIX domain alone. 15 Likewise, positive co-operativity has been demonstrated for the interaction of the activation domain of pKID (the phosphorylated kinase inducible domain of CREB, which binds to KIX through the c-Myb interaction site) with KIX in complex with MLL. 15 These co-operative effects provide a potential mechanism through which transcriptional activity might be modulated in the cell. Several observations relating to communication between transcription factors mediated by CBP have indeed been described in the literature, suggesting transcriptional synergy between various transcription factors. 7, 16 Using backbone and side chain nuclear magnetic resonance (NMR) relaxation dispersion techniques, we were able to monitor directly the conformational rearrangement process by which the KIX domain communicates information about the presence of a biological target at the MLL binding site to the allosterically regulated c-Myb/pKID binding site. 17 NMR relaxation dispersion data revealed that binding the activation domain of MLL to KIX causes a redistribution of the relative populations of KIX conformers toward a state that adopts a conformation that is similar to that of the ternary complex. Titration experiments showed that this higher energy (excited) conformational substate of KIX·MLL, which is populated to 7% in the KIX·MLL binary complex, displays a higher affinity for cMyb/pKID ligands than the 93% populated lower energy (ground) state of the protein complex. These results suggest that binding of c-Myb/pKID involves the selection of the higher energy conformer, whose structure is complementary to the ligand, from a pre-existing ensemble of conformations, reminiscent of the conformational selection mechanism of molecular recognition. 18−20 In solution, KIX in complex with MLL is in an equilibrium between these two conformational substates within ∼3 ms. As the higher affinity conformational substate is depleted from the equilibrium upon ligand binding, the equilibrium is recovered through the allosteric transition.
The exact structural basis of the allosteric transition is, however, unknown. The relaxation dispersion data indicate that a network of hydrophobic amino acids, which bridge the two binding sites of the KIX domain, constitutes the pathway through which allosteric information is communicated. The data suggest subtle conformational differences between lower and higher energy conformers, with chemical shift differences δω between 0.4 and 1.0 ppm found for the small subset of 15 N and 13 C nuclei that form part of the allosteric network. This is contrasted by the remainder of the protein backbone, for which δω values <0.4 ppm were detected, indicating that the structure of the three-helix scaffold is not affected by the transition between lower and higher energy conformers. Intriguingly, side chain methyl relaxation dispersion experiments performed on isoleucine δ1 methyl 13 C nuclei suggested a small but measurable conformational adaption of the part of the hydrophobic core that bridges the two binding sites. In addition, backbone amide 1 H/ 2 H exchange data showed that both (lower and higher energy) substates represent fully folded and solvent exchange protected conformers. 17 Recent molecular dynamics (MD) simulations confirmed that the conformational ensemble of the KIX domain is shifted in response to the binding of MLL, leading to a preorganized c-Myb/pKID binding site.
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Here we report the NMR-derived high-resolution threedimensional solution structures of the binary complex of KIX formed with the activation domain of MLL and the ternary complex of KIX bound to MLL and pKID, based on NOEs and backbone chemical shifts and residual dipolar couplings. Validation of the side chain conformation of valine, leucine, and isoleucine residues using methyl 13 C chemical shift data establishes that these solution structures represent the highest populated rotamers of these residues in solution. However, the 13 C chemical shift data also reveal a defined redistribution of the rotameric states of residues in the hydrophobic core of the KIX domain that occurs upon transition between the two complexes, which is not captured by the structural bundles. Our results thus facilitate a quantitative description of the dynamic structural adaption of the KIX domain in response to binding ligand molecules in terms of a redistribution of rotameric states of residues that form the hydrophobic core of the protein. In combination with pico-to nanosecond dynamic NMR experimental data, these results enable us to draw a comprehensive structural and dynamic picture of the molecular mechanism through which the KIX domain of CBP mediates co-operativity between transcription factors.
■ MATERIALS AND METHODS
Sample Preparation. Unlabeled, 10%
13 C-labeled, uniformly 13 C-, 15 N-, or 13 C, 15 N-labeled samples of the KIX domain (residues 586− 672) of human CBP were prepared by bacterial growth in standard LB and M9 minimal media and purified as described.
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Uniformly 13 C, 15 N-labeled MLL (residues 2840−2858; with C2841 substituted with alanine) was overexpressed in Escherichia coli as an Nterminal fusion to a hexa-histidine tagged MBP. The cells were grown at 37°C in M9 minimal media containing 15 NH 4 Cl and 13 C-glucose as sole nitrogen and carbon sources in presence of kanamycin until OD 600 ≈ 0.6, then the temperature was lowered to 28°C, and after 30 min, protein synthesis was induced by adding isopropyl-β-Dthiogalactopyranoside (IPTG) to a final concentration of 0.8 mM. The cells were harvested 5 h after induction and resuspended in lysis buffer containing 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 10 mM imidazole, and 5 mM β-mercaptoethanol. The cells were lysed using a French pressure cell and clarified by centrifugation. Subsequently, the supernatant was loaded onto a HisTrap FF crude (GE Healthcare) column. In the next step, the MBP−MLL fusion protein was applied to a Superdex 75 (GE Healthcare) equilibrated with cleavage buffer that contained 50 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, and 2 mM DTT. The His-tagged MBP was cleaved by incubation with TEV, and it was removed using nickel affinity chromatography. In the final step, MLL was purified to homogeneity by size exclusion chromatography using a Superdex 30 (GE Healthcare). Mass spectrometry was used to confirm the identity of MLL.
The human KID domain of CREB (residues 116−149) was prepared as a N-terminal fusion to a hexa-histidine tagged thioredoxin. Uniformly 13 C, 15 N-labeled samples for NMR studies were prepared by growing E. coli cells in M9 minimal media containing 15 NH 4 Cl and 13 C-glucose as sole nitrogen and carbon sources at 37°C. Protein overexpression was induced at OD 600 ≈ 0.8 by adding IPTG to a final concentration of 0.7 mM. Cells were harvested after 5 h and trx−KID purification followed the same three-step procedure as established for MBP−MLL. Ser133 of KID was phosphorylated in vitro by incubation of 60 μM purified KID with 0.05 μM PKA catalytic subunit and 1 mM ATP in a 25 mM Tris-HCl (pH 7) buffer containing 10 mM MgCl 2 and 2 mM DTT for 24 h at 30°C. pKID was purified by size exclusion chromatography using a Superdex 30 (GE Healthcare). Mass spectrometry was used to confirm that pKID was fully phosphorylated.
NMR Spectroscopy. NMR spectra were recorded at 27°C on Varian Inova 500 and 800 MHz and Varian Direct Drive 600 MHz spectrometers. Data were processed using NMRPipe 23 and analyzed using CcpNmr. 24 The spherical diffusion tensor was determined by the method of Bruschweiler et al. 31 using the program quadric_diffusion. 32 The internal dynamics and overall tumbling were fit with the program FAST-ModelFree. 33 Structure Calculation and Refinement. Backbone dihedral angle restraints were set to ϕ = −60(±10)°and ψ = −45(±10)°for residues that were predicted to be α-helical based on 13 Cα, 13 Cβ, 13 C′, 1 Hα, 15 N, and 1 HN, using the software Talos plus. 34 Distance restraints derived from the 3D 13 C, 13 C-methyl NOESY experiments were all set to an upper bound of 5.5 Å. All other intra-and intermolecular distance restraints were calibrated using the Aria2.3 program. 35 An initial structural ensemble was used to determine the alignment tensor of KIX and pKID using the PALES software. 36 The experimentally determined distance, dihedral angle, and dipolar coupling restraints were used in a torsion angle simulated annealing protocol using CNS1.2/Aria2.3 35, 37 to solve the solution structure of the binary KIX·MLL complex and the ternary KIX·MLL·pKID complex. The final NMR ensembles were refined in an explicit water shell. 38 The 20 lowest-energy solution structures (out of 100 calculated) were selected as a final representative ensemble of KIX·MLL and KIX·MLL·pKID.
■ RESULTS Solution Structures of Binary and Ternary Complexes of KIX. NMR solution structures of the KIX domain of CBP (residues 586−672) were determined in the presence of the activation domain of the transcription factor MLL, as well as in the presence of the activation domains of both MLL and CREB (pKID), using triple-resonance-resolved NMR spectroscopic techniques, using backbone chemical shifts, backbone amide NH dipolar couplings, and NOEs as input restraints for the structure determination. Site-specific and stereospecific assignments of KIX isoleucine, valine, and leucine side chain methyl groups were obtained to enable a structural anlysis of the hydrophobic cores of the KIX domain in the binary and the ternary complexes. For KIX·MLL and KIX·MLL·pKID, all isoleucine side chain γ2 and δ1 methyl resonances are resolved in two-dimensional [ 1 H, 13 C] correlation experiments and could be assigned individually. In addition, we obtained stereospecific assignments of valine and leucine side chain methyl resonances for all 15 valine and leucine residues. Three-dimensional 13 C, 13 C-methyl NOESY experiments 26 were used to evaluate internuclear distances in the hydrophobic core of KIX in binary and ternary complexes KIX·MLL and KIX·MLL·pKID. Structural statistics are shown in Table 1 . The KIX backbone structure of these complexes ( Figure 1 ) is very similar to the NMR structures of binary KIX complexes with pKID, 39 cMyb, 40 and the PCET motif from HEB, 41 as well as the ternary KIX complex formed with the MLL and c-Myb activation domains. 10 The central scaffold of the KIX domain is formed by a bundle of three α-helices (residues 597−611, α1; residues 623−642, α2; residues 646−669, α3) together with two short 3 10 -helices (residues 591−593, G1; residues 617−620, G2). The three helices α1−α3 pack together in an antiparallel fashion to form an extended hydrophobic core, which is capped by the first 3 10 -helix G1 on one side, while the loop L12, which encompasses the 3 10 -helix G2 and connects helices α1 and α2, partly caps the other side of the hydrophobic core. 10 In the binary complex KIX·MLL, as well as in ternary KIX·MLL·pKID, residues 2847−2855 of MLL form an amphipathic helix that binds to the hydrophobic groove on the surface of the KIX domain at the C-terminus of helix α1, similar to the ternary complex formed by KIX with the activation domains of MLL and c-Myb. 10 Through the insertion of MLL into the hydrophobic groove, several hydrophobic residues (I2849, M2850, F2852, V2853, and L2854) of MLL are in the position to form hydrophobic contacts with a number of KIX residues (I611, F612, A619, R624 (aliphatic region), 41 This is reflected in a lower number of intermolecular contacts between KIX and PCET compared with MLL and has been related to the relatively low affinities of various PCET peptides for KIX. 41 Of note, our NOE data do not indicate binding of the MLL peptide to additional binding surfaces on the KIX domain. 42 In the ternary complex KIX·MLL·pKID, the pKID peptide binds into a shallow hydrophobic pocket on the surface of the KIX domain that is formed by side chains of amino acid residues in helices α1 (N-terminal part) and α3 (central part). Bound pKID forms two almost perpendicular helices αA and αB, as observed previously for the binary complex of KIX formed with pKID. 39 The side chains of helix αB residues I137, L138, and L141 make close hydrophobic contacts with the pKID binding pocket formed by KIX helix α3 residues Y650, A654, I657, and Y658, while the side chain of pKID residue A145 loosely packs against the N-terminus of KIX helix α1 (L599 and L603). For the αA helix of pKID intermolecular NOEs were only found for residues I127 and L128, which make van der Waals contacts with Y658. In addition, the hydroxyl group of Y658 forms a hydrogen bond with the phosphate . All figures were generated using PyMOL. 64 group of pS133 of pKID. 39 Importantly, there are no direct contacts between the bound activation domains of MLL and pKID through which co-operativity between transcription factors could be mediated.
Structural Comparison. The pairwise rmsd between backbone atoms of the well-structured parts of the KIX domain (residues 589−669) in KIX·MLL and KIX·MLL·pKID is 1.07, which is comparable to the rms of the structural bundles of the two complexes (0.61 and 0.87, respectively). This is consistent with the observation of only small chemical shift differences of backbone ( 15 N, 1 HN, 13 C α ) resonances between the binary and ternary complexes. 17 It is therefore evident from the NMR structural analysis of the two complexes that the KIX protein backbone is not significantly affected by binding pKID. In addition, the methyl group NOE patterns are generally fairly similar for the binary and ternary complexes, consistent with well-defined and tightly packed hydrophobic cores. However, a number of significant differences between the NOE patterns of KIX·MLL and KIX·MLL·pKID indicate that the binding of pKID to binary KIX·MLL is accompanied by a small but measurable rearrangement of the hydrophobic core: for example, while relatively strong NOEs are observed, in the binary complex KIX·MLL, between the δ1 methyl group of I660 and both methyl groups of L607, these NOEs are absent in the ternary complex (along with their symmetry-equivalent NOEs in the three-dimensional experiments). Likewise, the NOE signal intensity between the δ1 methyl group of I657 and the backbone amide proton indicates a change in orientation of the I657 side chain upon binding pKID.
In Figure 2 , the hydrophobic cores of KIX·MLL and KIX·MLL·pKID complexes are compared. In the binary complex KIX·MLL, the δ1 methyl group of I660 is packed to the γ1 methylene group of I611 and the methyl group of A610. Binding of pKID, however, is accompanied by a change of the I660 side chain χ1 torsion angle, leading to an increase of the distance between the δ1 methyl group of I660 and the side chain methyls of residues I611, A610, and L607. Concomitantly, upon transition from binary KIX·MLL to ternary KIX·MLL·pKID, the side chain χ1 torsion angle of isoleucine I657 is rotated from gauche− to gauche+, thereby linking the conformational adaption of the hydrophobic core to the cMyb/pKID binding surface of the KIX domain. In KIX·MLL·pKID, the δ1 methyl group of I657 forms close hydrophobic contacts with the side chains of I137 and L141 of the ligand peptide pKID. Structural Validation Using 13 C Chemical Shifts. We used methyl carbon 13 C chemical shifts to validate the NOEbased hydrophobic packing of the KIX domain in the two complexes. Isoleucine (χ2), leucine (χ2), and valine (χ1) rotameric distributions were determined from 13 C chemical shifts using quantitative expressions that are available for these residues. 43−45 A comparison of the chemical shift based populations of χ2 and χ1 rotamers with the dihedral angles of the NMR solution structures of binary KIX·MLL and ternary KIX·MLL·pKID is shown in Table 2 , indicating a clear correspondence between the rotameric states observed in the three-dimensional structures and the 13 C chemical shift data in both complexes. For example, only for two (out of nine) leucine residues, L599 and L628, the χ2 gauche+ conformer is present in both complexes, while all other leucine residues populate the χ2 trans conformer. This is in very good agreement with the 13 C chemical shift data, from which χ2 gauche+ populations exceeding 50% are only predicted for L599 and L628 (with the exception of the highly dynamic Cterminal L672, for which a distribution of χ2 rotamers is found in ternary KIX·MLL·pKID, and L620, which populates the unusual gauche− conformer in binary KIX·MLL). Likewise, all three isoleucine residues are found to populate the χ2 trans conformer in our structures in both complexes, and all five well structured valine residues are found in χ1 trans conformation (only for the highly dynamic N-terminal V587 a distribution of χ1 rotamers is found in both complexes), consistent with their methyl group 13 C chemical shifts. Taken together, these data clearly show that the conformation in the solution structures of both complexes (binary KIX·MLL and ternary KIX·MLL·p-KID) represents the most populated side chain rotameric states of isoleucine, leucine, and valine residues in all cases.
Pico-to Nanosecond Time Scale Dynamics of KIX and KIX Complexes. To characterize the dependence of the conformational flexibility of the KIX domain on the presence of bound ligands, we determined backbone amide order parameters, which are sensitive reporters of pico-to nanosecond time scale dynamics, 46 for four different (complexed) states of the KIX domain: unliganded KIX, binary KIX·MLL, binary KIX·pKID, and ternary KIX·MLL·pKID (Figure 3) . In binary and ternary complexes of KIX, the three-helix scaffold of the protein is well-ordered in solution, with backbone order parameters of ca. 0.9 for helices α1−α3. Order parameters of the unliganded KIX domain are measurably lower (the average of all order parameters in helices α1−α3, S avg 2 , is 0.85), suggesting a higher level of flexibility on the pico-to nanosecond time scale. Significantly lower than average order parameters are also found for the N-termini (including the 3 10 helix G1) and the C-termini of the protein in all four states, consistent with the dynamic fraying of these segments of the protein that is observed in the structural bundles. In addition, the order parameters of the backbone amides in helix α3
suggest that the C-terminal half of this helix is more rigid in complexes containing MLL compared with unliganded KIX and KIX·pKID. This observation agrees with the low degree of dynamic fraying that is observed for the C-terminal half of helix α3 in the structural bundles of KIX·MLL and KIX·MLL·p-KID. 10 The NMR relaxation data also indicate significant pico-to nanosecond time scale dynamics in the loop region L12, along with a clear difference between different complexes of KIX. measurement of order parameters for four C-terminal residues of helix α3 (666−669). Comparison of the order parameters of backbone amides in the N-terminal part of helix α3 (646−665), however, suggests that this part of the three-helix scaffold is less dynamic on a pico-to nanosecond time scale in the unliganded protein and only slightly changes its dynamic properties when ligand(s) are bound to the protein, helix α3 (KIX S avg 2 = 0.90; KIX·MLL S avg 2 = 0.92; KIX·pKID S avg 2 = 0.91; KIX·MLL·pKID S avg 2 = 0.93). The KIX backbone amide order parameter data display a relatively large variation for α2 helix in the unliganded form of the protein. An oscillatory behavior of the order parameters is observed for the segment of helix α2 between residues 625− 637 with lowest order parameters found for residues M625, L628, V629, K632, K633, and E636 and higher order parameters for residues between these. Of note, the more dynamic backbone amides in helix α2 of unliganded KIX are located on the side of the helix that contacts helix α1. We have previously shown that helix α1 is conformationally less stable than helices α2 and α3, with a tendency to unfold and refold (in milliseconds) in the unliganded form of the protein, 47 suggesting a dynamic coupling of microsecond to millisecond and picosecond to nanosecond motions. The local unfolding− refolding process is suppressed if MLL or pKID is bound to the KIX domain. 17 Likewise, upon binding ligand (MLL, pKID, or both), the oscillatory behavior of the order parameters in helix α2 is lost, and helix α2 displays relatively uniform order parameters in ligand bound states.
Taken together, the average order parameters of residues in helical segments of the KIX domain (α1−α3) increase from 0.85 in free KIX to 0.91 and 0.90 in the binary complexes KIX·MLL and KIX·pKID, respectively, suggesting significant rigidification of the KIX backbone upon peptide binding. Unlike for the loop L12, formation of the ternary complex KIX·MLL·pKID (average order parameter in α1−α3, S avg 2 = 0.91) is not accompanied by further rigidification of the threehelix bundle scaffold.
■ DISCUSSION
NMR relaxation dispersion experiments suggest that allosteric coupling in the KIX domain involves conformational selection of a ca. 7% low-populated (excited-state) conformer in the binary complex formed by KIX with MLL whose structure resembles the ternary complex. 17 In agreement with these experimental data, molecular dynamics studies showed that MLL binding to the KIX domain results in a redistribution of the conformational substates of this protein toward conformers that favor the binding of the second, remote ligand. 21 Side chain methyl group dynamic NMR data indicate that allosteric communication between the MLL and pKID/c-Myb binding sites proceeds through a conserved hydrophobic network in KIX that is formed by the side chains of aliphatic residues. A comparison of binary KIX·MLL and ternary KIX·MLL·pKID complexes of KIX is shown in Figure 1 . It is evident that conformational changes of the KIX backbone upon binding of pKID to the binary KIX·MLL complex are indeed minor, which is in agreement with the small magnitude of backbone amide 15 N and backbone carbon 13 C α chemical shift changes that are observed upon ligand binding. 17 Our NMR solution structures show, however, that binding of the pKID activation domain to binary KIX·MLL is accompanied by a small but significant repacking of the hydrophobic core of the KIX domain, involving residues L607, L628, and I660 (Figure 2) . Concomitantly, the side chain of residue I657 flips around its χ1 dihedral angle from gauche− to gauche+, positioning its δ1 methyl group at the surface of the KIX domain in the ternary complex. In the ternary complex of KIX with MLL and pKID, the I657 side chain is part of the hydrophobic groove on the surface of KIX that represents the docking interface for pKID, where it hydrophobically packs to residues I137 and L141 of the pKID amphipathic helix αB (see below). Both I137 and L141 are part of the consensus motif for ligands that bind to the KIX domain. 48 Allosteric Communication through Redistribution of Rotameric States. It was recently shown that the carbon 13 C chemical shifts of methyl groups in isoleucine, leucine, and valine provide a very sensitive measure of the side chain conformations of these residues. 49 Assuming that conformational sampling of side chain dihedral angles (χ2 in leucine and isoleucine, χ1 in valine) can be described in terms of jumps between a limited number of rotameric states, the methyl group 13 C chemical shifts of these residues can be used to determine the populations of these rotameric states. For example, with respect to leucine side chain χ2 dihedral angles, to a very good approximation only the trans and gauche+ conformers are sampled in solution, and their populations can be determined from the difference of their δ-methyl 13 C chemical shifts. 43 Similar approaches are available for isoleucine χ2 and valine χ1 rotameric distributions.
44,45
The NMR solution structures of the binary and ternary complexes of the KIX domain that are presented here are based on backbone chemical shifts, NOEs, and residual dipolar couplings as experimental restraints, while isoleucine, leucine, and valine methyl group chemical shifts were not used as restraints in the structure calculations. It is therefore possible to validate the structures by comparison with the rotameric states of isoleucine, leucine, and valine that can be derived from methyl 13 C chemical shifts (Table 2) . We find excellent agreement between the methyl 13 C chemical shifts and the side chain rotamers that are present in the solution structures of both complexes (binary KIX·MLL and ternary KIX·MLL·p-KID), suggesting the conformation that is present in the NMR structural bundles represents the most populated rotameric state of isoleucine, leucine, and valine residues in all cases.
It is clear from the chemical shift data, however, that the three-dimensional solution structures of KIX complexes do not fully capture the dynamic nature of this protein. As evident from Table 2 , populations of alternative rotameric states of 30% and more are not uncommon, which is in agreement with other proteins. 43, 44 Intriguingly, however, the chemical shift data suggest that the distributions of isoleucine and leucine χ2 dihedral angles are not identical in binary KIX·MLL and ternary KIX·MLL·pKID: for a subset of residues (L603, L607, I611, L628, L653, I657, and I660) conformational sampling is different in the two complexes, indicating a redistribution of their individual χ2 rotamers by 4−14% upon binding of the pKID ligand peptide, as shown in Figure 4 . These residues cluster together in the molecular structure of the KIX domain and form part of the hydrophobic core of the protein. This is contrasted by residues L599, L620, L652, L664, L672, and all six valines, for which rotamer populations are identical (≤1% change) in the two structures and which are located outside the hydrophobic core of KIX. The 13 C chemical shift data thus suggest that the conformational transition between the two complexes is accomplished through a relatively subtle (<14%) redistribution of the rotameric states of residues that form the hydrophobic core of the protein.
It is intriguing that the hydrophobic core residues for which we observe the repacking upon ligand binding include the ones that were previously identified to be part of the hydrophobic cluster that constitutes the allosteric network in KIX. 15, 17 Using side chain methyl relaxation dispersion experiments, we found a clear correspondence between the hydrophobic core chemical shifts of the ternary KIX complex and the shifts of the excited state in the binary complex of KIX with MLL. 17 This shows that the dynamic repacking process of the hydrophobic core that we observe already occurs in binary KIX·MLL (i.e., before pKID binds) during the transition between the 93% populated ground and the 7% populated excited states. Taken together, the chemical shift and the structural data provide a quantitative dynamic picture of allosteric communication between the two remote ligand binding sites in the KIX domain. Figure 5 shows a close-up view of the KIX/pKID binding surface in the ternary complex KIX·MLL·pKID. The δ1 methyl group of KIX residue I657 is exposed to the surface of the domain and forms part of the hydrophobic pocket that accommodates the amphipathic helix αB of the ligand peptide pKID. 39 The hydrophobic side chains of two residues of pKID, I137 and L141, pack to the I657 of the KIX domain. I137 and L141 of pKID are known to be critical for the molecular recognition of ligands binding to the KIX domain: both I137
and L141 are part of the conserved ΦXXΦΦ sequence motif, where Φ is a hydrophobic residue and X is an arbitrary residue, which is characteristic for ligands that bind to KIX. 48 Any conformational change at the pKID/c-Myb hydrophobic binding groove will thus very likely modulate the efficiency with which hydrophobic contacts with ligand peptides are formed and affect their affinities. With respect to allosteric coupling, the presence of a higher affinity (excited state) conformer, even if populated only to a low extent, can act as a driving force for the ligand binding process. Recognition and binding of peptides will predominantly occur through the higher affinity conformer, whose structure is complementary to the ligand, while the thermodynamic equilibrium between ground and excited states will be re-established through the allosteric conformational transition, resulting in a redistribution of the conformational substates toward the structure of the higher affinity state. The relaxation dispersion data suggest that in the 7% populated excited state in the binary complex KIX·MLL residue I657 is indeed present in a conformation that is similar to the ternary complex. 17 Previous reports have indeed shown that the complementarity of the hydrophobic interactions between the pKID binding pocket and peptide ligands plays a critical role for the affinity with which these ligands are bound to the KIX domain. 40 NMR solution structures of KIX bound to the activation domain of the transcription factor c-Myb indicate that the positions that are equivalent to I137 and L141 in pKID are taken by two leucine residues in c-Myb (L298 and L302, both part of the c-Myb ΦXXΦΦ motif). It is evident from the KIX·c-Myb structures that the side chain of L302 of c-Myb penetrates more deeply into the hydrophobic pocket, which is formed by the KIX domain, than the equivalent L141 of pKID, 39 enabling the formation of hydrophobic contacts of its methyl groups with the side chain of KIX residue L607 at the bottom of the pocket. Based on these observations, it was suggested that the hydrophobic interactions between pKID and KIX are less optimal than those between pKID and c-Myb, which explains the relatively low affinity of unphosphorylated KID to KIX. 40 A crystallographic study of KIX bound to a covalently linked small-molecule ligand underlines the remarkable ability of this protein to adapt its hydrophobic core in response to a binding partner. 50 In this structure, an aromatic ring that is part of the ligand molecule penetrates into the hydrophobic core of the KIX domain, forming contacts with residues that are part of the allosteric network (I611, L607, L628). Binding assays showed that in this small-molecule complex of KIX allosteric communication is disrupted, most likely by engaging the residues that constitute the allosteric network of the protein. Indeed, in the crystal structure of this complex, the side chain χ1 torsion angle of isoleucine 657 occupies the gauche− conformation, similar to the lower affinity complex KIX·MLL. It thus appears that constraining the hydrophobic core by insertion of a ligand molecule attenuates the malleability of the allosteric network that is required for communication between the binding sites, in agreement with our proposed dynamic allosteric mechanism.
Allosteric Communication in the Opposite Direction. While our relaxation dispersion experiments in combination with the high-resolution structures presented here provide insights into the mechanism by which KIX propagates information about the presence of MLL to the c-Myb/pKID binding site, the molecular mechanism of communication in the opposite direction (from the c-Myb/pKID binding site to the MLL binding site) is not obvious. 17 The lack of significant contributions of micro-to millisecond time scale dynamic processes to NMR spin relaxation rates indicates that either the population of any higher energy state(s) that might be present in KIX·pKID or KIX·c-Myb binary complexes is too low or the time scale of the process is outside the micro-to millisecond window that can be studied by relaxation dispersion NMR.
Indeed, the NMR spin relaxation data reported here argue for a contribution of pico-to nanosecond time scale dynamic processes to the mechanism of allosteric coupling from the cMyb/pKID binding site to the MLL binding site. Upon binding of pKID to the KIX domain, we observed a change in pico-to nanosecond dynamics for the KIX backbone for segments of the protein that are remote from the binding site of the peptide. In particular, two of the three helices (α1 and α2) of the KIX domain that form the three-helix scaffold of the protein rigidify, along with the connecting linker loop L12 and the N-terminus of the domain. These findings are in agreement with the ITC data published by Goto et al., 15, 17 who showed that binding of pKID to KIX decreases the entropic penalty for MLL binding. Furthermore, molecular dynamics studies suggest that c-Myb binding to the c-Myb/pKID binding site of KIX indeed rigidifies the loop L12 and G2 region. 21 This is contrasted by the pKID binding surface itself, which is mostly formed by residues in helix α3 and which does not display a significant change in pico-to nanosecond time scale dynamics upon binding. The rigidification of the linker L12, which has no direct contacts with pKID, is particularly interesting, because it is believed to play a critical role for binding MLL. 10 Based on the observation of chemical shift averaging and narrow backbone amide resonances, it has been suggested that the linker L12 is conformationally flexible in order to enable the interaction of this binding surface of the KIX domain with a variety of disparate ligand sequences, while in complex with MLL, the conformational flexibility is reduced. 10, 39 In addition, this part of the protein is considerably displaced upon MLL binding, allowing the side chain of KIX residue F612 to form hydrophobic contacts with the MLL ligand. In light of the significance of this loop domain for binding MLL, 21 this longrange dynamic coupling between the two binding sites is likely of functional significance.
A markedly different behavior is found for MLL binding to KIX. While the presence of bound MLL significantly increases the order parameters of amino acid residues that are part of the hydrophobic MLL binding pocket (loop L12) and the helices α1 and α2 of the three-helix scaffold of the protein as well as the C-terminal end of helix α3, we find no significant changes of order parameters at the pKID binding site. Thus, binding of the activation domain of MLL appears to cause local rigidification but has no long-range effect on dynamic processes on the pico-to nanosecond time scale. Interestingly, however, the loss of flexibility on the pico-to nanosecond time scale upon MLL binding of the L12 loop is accompanied by a significant increase of dynamics on a millisecond time scale (the allosteric conformational transition) that involves a contiguous network of residues connecting the L12 loop to the remote pKID binding site of the KIX domain. 17 Dynamics and Allostery. Dynamic allosteric coupling has been reported for a variety of proteins. 51−55 For example, various variants of the catabolite activator protein (CAP) differentially populate active and inactive DNA-binding states. 56 Allosteric regulation of CAP is entirely of an entropic nature and involves the redistribution of the conformational substates of the protein in response to the presence of a ligand molecule. 57 Likewise, phosphorylation of the bacterial nitrogen regulatory protein C shifts the balance of populations of the different forms of this protein from the inactive to the active form, 58 and the PBX1 homeodomain transiently folds into a conformation in which the binding sites for DNA and the transcription factor Hox are preorganized even in the absence of ligands. 59 In PDZ3, binding function is regulated through an entirely dynamic allosteric mechanism that lacks measurable conformational changes. 60 Together with our results for the KIX domain of CBP, these data underscore the mechanistic significance of dynamic equilibria for allosteric regulation and ligand recognition. Of note, such population shift mechanisms enable the modulation of binding affinities in a versatile manner by the extent to which the higher affinity conformer is populated, as well as by the difference in binding affinities of the different conformers.
It is noteworthy that the KIX domain displays a nonuniform distribution of aromatic and aliphatic residues in its hydrophobic core. The interior of the hydrophobic core (within the three-helix scaffold) is formed by nonaromatic residues and contains mostly isoleucines, leucines, valines, and alanines, while at the surface of KIX, aromatic residues are enriched, making van der Waals contacts with the bound ligand peptides. 10, 39, 41 A possible involvement of these aromatic residues at the protein−ligand interface in allosteric coupling has been inferred from relaxation dispersion and 19 F NMR measurements, 17, 61 but their exact mechanistic role is not evident. Considering the dynamic nature of the repacking process of isoleucine, leucine, and valine side chains in the KIX hydrophobic core, it is tempting to speculate that aliphatic side chains could be more amenable for such processes than aromatic side chains. Sequence comparison showed that the aliphatic residues in the KIX hydrophobic core are conserved to a higher level than the aromatic residues, 17 arguing for an evolutionary conservation of such functional dynamics. 62, 63 However, further experimental studies of allosteric proteins, including techniques that probe the dynamic behavior of aromatic side chains, will be necessary to comprehensively understand the structural prerequisites for dynamic allosteric coupling.
■ ASSOCIATED CONTENT Accession Codes
Structural coordinates and NMR restraints have been deposited in the Protein Data Bank and BioMagResBank with the following accession numbers: KIX·MLL (PDB ID 2LXS; BMRB 18694) and KIX·MLL·pKID (PDB ID 2LXT; BMRB 18695).
